It has been modeled that the auditory system encodes acoustic signals into two independent informations. One is tonotopic information reflecting the frequency response characteristics of the basilar membrane, and another is periodicity information reflecting the temporal patterns of phase-locked auditory nerve firing. Based on the previous study about size perception of sound source, a hypothesis can be proposed that the tonotopic and periodicity information are combined into an internal "two-dimensional representational plane". The current study tested that this hypothesis by conducting an experiment to recognize the transition pattern of vowel-like sounds on the plane. Listeners were able to recognize the transition patterns on the axes of tonotopic and periodicity information exclusively. However, they were unable to follow the trajectories of sounds in the two-dimensional representational plane. The vowel-like sounds were simulated by a computational model of auditory system, AIM. While the "excitation pattern" displayed transition patterns corresponding to the manipulation of resonant scaling (RS) only, "summary SAI" displayed both of patterns of fundamental frequency (F0) and RS. It suggests the need to confirm whether RS represented in periodicity information is used for size perception.
INTRODUCTION
It has been modeled that the auditory system encodes acoustic signals into two types of information; (1) tonotopic information, reflecting the frequency response characteristics of the basilar membrane; and (2) periodicity information reflecting the temporal patterns of phase-locked auditory nerve firing. When we hear an utterance of a vowel, tonotopic information serves as a cue for judgment of vowel category (i.e. /a/ or /e/) and the size of the vocal tract, and periodicity information provides a cue for determining the pitch. According to the source-filter model of sound generation, tonotopic information corresponds to the filter properties, and periodicity information corresponds to source properties (Fant, 1960) . These two aspects are also thought to be handled independently in auditory processing models (e.g., Meddis and Hewitt 1991; Patterson et al., 1995) . reported that the size of a sound source is judged using both resonant scaling (RS) and fundamental frequency (F0). Based on the results of previous studies, it is conceivable that the auditory system combines tonotopic and periodicity information into an internal "two-dimensional representational plane" within the mental representation. The size of a sound source could then be estimated from the location of the point on the representational plane, discriminating the size of two sound sources using the distance between the two points on the plane. Visually, we can judge whether a point is moving in a clockwise or counter-clockwise direction when the point moves in a circular trajectory on a two-dimensional plane. This suggests that independent information about each dimension might be bound to an attribute of a visual object. It is currently unclear whether a similar binding process occurs for RS and F0 information for an auditory object.
The current study tested the hypothesis that RS and F0 information is combined into a two-dimensional representational plane in the auditory mental representation, similar to the visual spatial representation, and that this information can be accessed to make perceptual judgments. We examined participants' ability to discriminate rotating direction in the two-dimensional representational plane and to extract a transition pattern of one type of information regardless of another transition pattern.
METHODS AND MATERIALS

Listeners
Three listeners participated in the experiment. One of them was the first author. None of the listeners reported any history of hearing impairments.
Stimuli
The stimuli were constructed from vowel sounds, generated using the STRAIGHT analysis-synthesis algorithm (Kawahara et al., 1999) . The original vowel token was a Japanese vowel, "a", uttered by an adult, male speaker. A series of synthesized vowels was generated by independently manipulating its resonant scale (RS) and periodicity (F0). Fig. 1(a) illustrates the combinations of the RS conversion rate and the F0 conversion rate for each modulated vowel. A grey circle indicates the original vowel. White and black circles indicate vowels generated by RS conversion and F0 conversion. The duration of the original vowel was 406 ms and its fundamental frequency (F0) was 112 Hz on average.
Vowel sequences were generated to track one of the circular trajectories depicted in Fig. 1(a) . Each stimulus sequence comprised vowels on a single circular trajectory. The variation of sequences was created with different combinations of starting points, as depicted by "VI, IX" in Fig. 1(b) , and the direction of rotation, i.e., clockwise, or counterclockwise. Accordingly, four variations were prepared for each of the five circular trajectories, and 20 sequences were generated in total. The inter-stimulus interval between each vowel was 100 ms. The duration of a whole vowel sequence was 6,056 ms ( Fig. 1(b) ).
The center of the circular trajectory depicted with white symbols was fixed at 20.5 on each axis. The center of the circular trajectories with black symbols were set at 20 and 21 on both of axes ( Fig. 1(a) ). The largest difference of RS and F0 conversion rates was respectively 2 0.5 ( 1.41) in a vowel sequence. The largest difference in each pattern of conversion rate was sufficiently above the threshold for RS conversion rate, which is approximately 8% . 
Procedure
We conducted three experimental tasks; (A) recognizing the rotating direction of vowel sequences on the twodimensional representational plane comprised of the RS conversion rate axis and F0 conversion rate axis; (B) recognizing the transition pattern on the RS dimension ignoring the irrelevant transition on the F0 dimension; (C) recognizing the transition pattern on only the F0 dimension, ignoring the irrelevant transition on the RS dimension.
These tasks were carried out in the two-alternative forced-choice paradigm. We presented participants with a Standard sequence (Ss), Comparison sequence 1 (Cs1) and Comparison sequence 2 (Cs2), and they chose (between Cs1 and Cs2) the pattern that was identical to that of Ss, in accord with the type of task. Ss was selected from sequences composed of small white circles, and Cs1 and Cs2 were selected from sequences composed of small black circles, as shown in Fig. 1(a) . Inter-stimulus intervals were randomly varied from 1,000 ms to 1,150 ms. Fig. 2 shows examples of Ss, Cs1 and Cs2 for each task and their correct intervals. Forty-eight trials involving combinations of Ss, Cs1 and Cs2 were prepared for the three tasks, respectively (2 Sss * 4 Css as correct answers * 3 Css as wrong answers * counterbalancing). The transition pattern of Cs as the correct interval shared only the target of the recognition task with transition pattern of Ss. For example, Fig. 2 shows that Ss and Cs1 (correct interval) on task (B) share the same RS conversion rate pattern, and differed in both the F0 conversion rate pattern and the rotation direction. Accordingly, if a listener failed to ignore the transition pattern in the irrelevant cue, they were unable to choose the correct alternative.
Each set contained 144 trials across three tasks. Each listener completed two sets. The average of sound pressure level was about 70 dB SPL. The sound pressure level was varied randomly by 10 dB to prevent listeners using specific sensation levels as cues for judgment. The type of task was presented visually on a display. Tasks were presented using a digital signal processing board control system Kyma (Symbolic Sound Corporation) running on a computer (Apple iMac). The listeners responded to tasks via a graphical user interface running on Kyma. The experiment was carried out in a sound-insulated room at the Kyoto City University of Arts. All stimuli were presented through headphones (Sennheiser HD600). Feedback indicating the correct alternative was provided to listeners after each response. Fig. 3 shows the mean correct response rate for each task across listeners. Correct response rates for task (B) and (C) were significantly above chance, 0.5 ((b-1): χ 2 (1) = 46.72, p < 0.0001; (b-2): χ 2 (1) = 284.01, p < 0.0001). However, average performance on task (A) was not significantly above chance (χ 2 (1) = 3.13, p = 0.077). These results indicate that listeners were able to extract one of the transition patterns of RS conversion rate, and the transition pattern of F0 conversion rate. Conversely, listeners were not able to recognize the rotation direction on the two-dimensional representational plane comprised of the RS conversion rate axis and the F0 conversion rate axis. Differences in the mean correct response rate in an all-pairs comparison were also tested. The analysis revealed significant differences between all the pairs of the task, with Bonferroni's correction (α = 0.0167). The significant difference between tasks (B) and (C) indicates that the accuracy for recognizing transition patterns differed depending on the type of cue.
RESULTS
COMPUTATIONAL MODEL AND DISCUSSION
The current results revealed that participants were able to recognize the transition patterns of the RS and F0 conversion rates, even if the value changed on another target-irrelevant stimulus parameter. In addition, participants were also able to recognize the target pattern if the comparison sequences were presented within a different range of each conversion rate axis.
The results of multiple comparison analyses revealed a significant difference between the correct response rates in tasks (B) and (C). This difference may indicate that the difference in the RS conversion rate between subsequent vowels was so small that listeners occasionally failed to recognize the entire transition pattern on the axis of the RS conversion rate. Listeners exhibited difficulty in recognizing the rotating direction of a sound on the two-dimensional representational plane composed of the RS and the F0 dimensions. This suggests that listeners are unlikely to access trajectory information that can be represented on the two-dimensional representational plane. reported that F0 can operate as a cue for the judgment of the size of sound sources. This finding may indicate that F0 and the RS can be combined to provide size information. The current results do not support the hypothesis that listeners can combine the RS and F0 cues to build a "planar" representation in which the transition pattern on the plane can be tracked.
On the other hand, the transition pattern for each cue can be extracted in an independent manner. Using the Auditory Image Model (Patterson et al., 1995) , representation of the vowel sequences for the "excitation pattern" (tonotopic information) and "summary SAI" (periodic information) were calculated. The vowel sequences in Fig. 1 rounding in the same way were down-sampled to 24 kHz and simulated by AIM-MAT v1.6 (modules; gm2002, dcgc, hl, sf2003, ti2003) . The left panels of each pair in Fig. 4 correspond to the excitation pattern and right ones correspond to the summary SAI for the vowel sequences. Excitation patterns indicate the transition patterns of RS only. On the other hand, summary SAIs show not only patterns corresponding to the transition pattern of F0 but also patterns corresponding to the transition patterns of RS in a shorter periodicity range. The results from the experiment and these simulations suggest that listeners could extract a plausible transition pattern of F0 from the summary SAI even if a different transition pattern existed at the same time in the range of a different period. Transition patterns of RS appeared on both the excitation pattern and summary SAI. Nevertheless, listeners could not recognize the transition pattern of RS as precisely as the F0 pattern. Resizing of the speaker rarely occurs in real world. The difficulty of this tracing size task may have been one contributing factor of the results. However, it also seems to be necessary to examine the possibility that a transition pattern of the F0 interfered with the judgment of the RS pattern in the summary SAI. Fig. 1(a) .
In summary, we tested the hypothesis that tonotopic and periodicity information, two types of encoding sound in the auditory system, were combined into a two-dimensional representational plane within the mental representation. We examined listeners' ability to recognize transition patterns on (A) the two-dimensional representational plane; (B) the RS conversion scale; and (C) the F0 conversion scale; the results revealed that participants were able to recognize the transition patterns on the RS dimension and the F0 dimension independently. However, the listeners were unable to recognize the transition pattern on the two-dimensional representational plane combining both dimensions. 
